clear evidence of positive Darwinian evolution (KiWe have sequenced the complete coding region of tano and Saitou, unpublished). Therefore, it is interthe Rh blood group gene for mouse and rat and that esting if a similar evolutionary pattern also exists of Rh-related 50 kD glycoprotein (Rh50) for mouse, in other mammalian groups.
nucleotides around positions 100-150 (see Fig. 2 ), and System for Rapid Amplification of cDNA Ends version 2.0 (Gibcoits consensus sequence is AATGCTTCCCAGCAG. Rat BRL). PCR was performed in a 20 ml reaction containing 0.5-1 ml and mouse have 5 and 3 repeats, respectively, while of the first-strand cDNA, 1 1 Gene Taq Universal Buffer (Mg 2/ the two primate species have single repeat. Because free) (Nippon Gene), 1.5 mM MgCl 2 , 0.2 mM dNTP, 10 pmol of each primer (designed on sites of 5 and 3 ends), and 1 units of all gaps were multiple of 3, they did not alter codon AmpliTaq Gold (Perkin-Elmer). Amplification was carried out in frames.
DNA GeneAmp PCR System 2400 (Perkin-Elmer) with the followSequence similarities (both for nucleotide and amino ing temperature parameters: 10 min at 95ЊC followed by 40 cycles acid) are shown in Table 1 . Nucleotide and amino acid of 95ЊC for 30 sec, 65ЊC for 15 sec, and 72ЊC for 1 min. PCR products sequence similarities between Rh genes and Rh50 were purified using MicroSpin Columns S-300 HR (Pharmacia Biotech) and cloned in the TA cloning vectors pCRII (Invitrogen).
genes are 47-49 and 34-38%, respectively. The GC con-DNA sequencing was performed on double-stranded plasmid DNA tents of Rh and Rh50 genes were 53-55 and 45-47%, and PCR products using Dye Terminator Cycle Sequencing Kit respectively (shown on the diagonal of Table 1 ). These and ABI prism 377 DNA sequencer (Perkin-Elmer). A progressive values were similar to those previously reported (21), sequencing strategy was carried out with design of further primers and may be related to gene locations on gnomes; the to complete the sequence for coding region of both strands of the cDNA.
Rh gene is located on chromosome 1p34-36 (22-23), while the Rh50 gene is on chromosome 6p21-qter (12) .
Sequence analyses. CLUSTAL W version 1.6 (15) was used for multiple alignments and tree analyses. The neighbor-joining method We would like to note that similar sequencing results (16) was used for constructing phylogenetic trees. Numbers of amino for mouse and macaque were recently obtained indeacid substitutions were estimated by using Kimura's method (17 Rh and Rh50 genes, and they are more or less similar cDNA coding regions. We sequenced Rh and Rh50 to those for other genes (24) . Branching pattern of the gene cDNAs for two mouse subspecies and rat. Those Rh and Rh50 genes are also compatible with the estabnewly determined rodent sequences (DDBJ/EMBL/ lished mammalian phylogeny. This indicates that we GenBank international nucleotide sequence datadid orthologous comparison both for Rh and Rh50 base accession numbers are AB015189 -AB015194) genes. were compared with the human Rh gene (1, 2) and Numbers of nonsynonymous substitutions (d N ) are the human Rh50 gene (12) . Figure 1 shows the multiabout two times higher for the Rh gene than for the ple alignment of nucleotide sequences of Rh genes. Rh50 gene; the ratios of Rh-d N and Rh50-d N are 2.0, 1.7, Nucleotide sequence lengths of human, crab-eating and 2.0 for human-macaque, mouse-rat, and primatesmacaque, mouse, and rat are 1254, 1254, 1257, and rodents comparisons, respectively (we neglected the 1269 bp, respectively. Four gaps (3, 15, 3, and 6 nucomparison of the two mouse subspecies, for standard cleotide long) were observed between primate and errors are so large). This evolutionary conservation of rodent sequences, and the rat Rh gene had extra 12 the Rh50 gene suggests that it may have more imnucleotides (positions 337-348). Lengths of all gaps portant function than the Rh gene. A relatively uniform were multiplication of 3 and there is no frame shift.
ratio of Rh-d N and Rh50-d N for three different levels of We also obtained an incomplete sequence for the rat divergence also suggests that a molecular clock (conRh cDNA which lacks sites 149-661. These sites corstancy of evolutionary rate) exists both for Rh and Rh50 respond to exons 2-4 of the human Rh gene, and this genes. incomplete cDNA were probably produced by a splicMajority of genes are known to undergo neutral ing error.
evolution, and number (d S ) of synonymous substitu- Figure 2 shows the multiple alignment of nucleotide tions are expected to be higher than those (d N ) for sequences of Rh50 genes. We obtained a Rh50 gene nonsynonymous substitutions under this situation cDNA for crab-eating macaque (DDBJ/EMBL/Gen- (17) . We compared d S and d N values to see if there is Bank accession number is AB015467), and it was also any unusual pattern deviated from neutrality in Rh compared. Nucleotide sequence lengths of human, and Rh50 genes. d N of both Rh and Rh50 genes were crab-eating macaque, mouse, and rat are 1230, 1287, higher than d S when human and macaque sequences 1317, and 1353 bp, respectively. The location of the were compared, while the situation is reversed for stop codon of the human Rh50 gene is different from other comparisons ( Table 2 ). We previously found that of others, and its protein is 19 amino acids shorter corresponding to this region. There are repeats of 15 that many branches of a phylogenetic tree of primate Table 2 where all the coding regions were compared. It is interesting that after the gene duplication tou, unpublished), and this is compatible with a higher d N for human and macaque Rh gene shown (node D in Fig. 3 ) which produced Rh and Rh50 genes, the Rh gene lineage started to evolve more rapidly than in Table 2 . It is interesting that the Rh50 gene also showed a similar evolutionary pattern for primates, the Rh50 lineage.
Numbers of amino acid substitutions (d A ) are also but not for rodents. If the heterotetramer structure of the Rh and Rh50 gene products is correct, it is estimated ( Table 3 ). The phylogenetic tree of for Rh were consistently two -three times higher than primates but not in rodents.
We constructed a multiple alignment of amino acid those for Rh50, a rough molecular clock exists for both genes. This is consistent with the result of Table 2 . sequences of Rh, Rh50, and their related genes (alignment not shown). Two genes of C. elegans (25) and an Therefore, we estimated evolutionary rates of Rh and Rh50 genes by using the regression through origin. DiRh-like gene of sponge (26) found by database searches were also included. The 12 predicted hydrophobic mem-vergence times between human and macaque, between mouse and rat, and between primates and rodents were brane-spanning regions did not include gaps and are relatively conserved. We thus used only the 216 amino assumed to be 23.3, 40.7, and 112 million years (28) , and they were used for calibration of the molecular acid sites for membrane-spanning regions for construction of the neighbor-joining tree (Fig. 3) . The root was clock. The rate of amino acid substitutions (per site per year) were thus obtained as 2.12 1 10 09 and 0.94 1 located by assuming the Rh-like protein of sponge as an outgroup. There are three clusters in this tree; Rh50 10 09 for Rh and Rh50 genes, respectively. If we use these rates, the time of gene duplication (node D in genes of mammals, Rh genes of mammals, and two genes of C. elegans. The branch lengths of Rh50 genes Fig. 3 ) producing Rh and Rh50 genes was estimated to be about 240 or 310 million years ago from the data is much shorter than those of Rh genes, indicating a lower evolutionary rate in the Rh50 gene than in the for Rh or Rh50, respectively. This period roughly corresponds to the late Paleozoic where the mammalian linRh gene. This pattern is consistent with the result of eage started to diverge from an ancestral reptilian lin-cleotide substitutions to investigate their possible correlation with the protein structure (Fig. 4) . The eage.
The Rh and its related genes have probably been twelve predicted hydrophobic membrane-spanning regions are shown by black boxes with numbers. existing as essential membrane proteins in many animal phyla. Because its evolutionary rate is lower than There are several peaks (depicted by arrows) where nonsynonymous substitutions are higher than synthat for the Rh protein gene, the Rh50 protein may be closer to the ancestral form before gene duplication of onymous ones on putative outer membrane regions on primate Rh genes (Fig. 4A) . One peak (designated Rh and Rh50 genes. In this context, it may be interesting to note a similarity between the Rh50 protein and as long arrows) is observed at the cell surface region between membrane-spanning regions 3 and 4 in all NH 4 / transporters (29). However, two coding regions of C. elegans (C05E11.4 in the DDBJ/EMBL/GenBank four comparisons, and four and two peaks were also observed for other cell surface regions in primate Rh accession number U53338 and M195.3 in Z66498) are more similar to NH 4 / transporters. Therefore, the ac-and Rh50 comparisons, respectively (indicated by short arrows with asterisks). Whether an intertual function of Rh and Rh50 gene products remain to be found. membrane region is on the cell surface or in the cytoplasm is based on the currently accepted model of Window analyses of synonymous and nonsynonythe Rh and Rh50 protein structure (2, 30) . mous substitutions. We performed window analyWe examined Rh blood group gene and its homoloses for synonymous (d S ) and nonsynonymous (d N ) nugous Rh50 genes in the present study. Blood group antigens may play a key role in pathogenesis of diseases (31), and there is a possibility of positive Darwin- interaction is different between primates and rodents. 
